The effects of B, Ti-Nb, and Ti-Nb-B microalloying on the microstructure and properties of the coarse grain heat affected zone (CGHAZ) of C-Mn-Si-Mo wear-resistant steel have been investigated by means of thermal simulation, mechanical property test, microstructure analysis, and theoretical formula calculation. The B, Ti-Nb, and Ti-Nb-B microalloyed C-Mn-Si-Mo wear-resistant steels prepared by a controlled rolling + direct quenching + low temperature (CR + DQ + T) process have martensite/bainite (M/B) dual-phase microstructure and fully-refined effective grain size, which make the base metal to have high hardness and impact toughness. At the heat input of 20 kJ/cm, the impact toughness of CGHAZ of three kinds of microalloyed wear-resistant steels decreased in varying degrees. The main reasons for brittleness were coarse grain embrittlement and microstructural embrittlement. Ti-Nb-B microalloying can effectively prevent grain growth in CGHAZ while avoiding the formation of pearlite, small lump ferrite, and large grain carbides at the grain boundaries, thereby reducing the embrittlement of coarse grain and microstructure.
Introduction
The rapid development of industry requires long-lasting performance of wear-resistant steel. It is common to increase the carbon content and multi-alloying to increase the hardness but this results in poor solderability of the material [1] . During the welding process, different regions of the base metal are subjected to different welding thermal cycles, resulting in uneven microstructure and mechanical properties of the weld heat affected zone (HAZ). Dudziński et al. [2] reported that when the temperature peak is too high and the cooling rate is slow, the coarse-grained heat-affected zone (CGHAZ) stays in the high-temperature zone for a long time, which makes the austenite grain coarser. After the phase transformation is completed, the grain in the region become coarser and the local embrittlement is severe, which results in the poor welding performance of high hardness and wear resistant steel. It is generally believed that the embrittlement of the weld heat affected zone is related to the chemical composition, microstructure, and the welding process of the parent metal, and there are complex links among various factors, so this problem has been highly concerning.
At present, the research on CGHAZ of wear-resistant steel is mainly focused on welding heat input, only a few studies have focused on the influence of the composition and microstructure of the base metal. In this paper, controlled rolling (CR) + direct quenching (DQ) + low temperature tempering (T) processes have been used to obtain high hardness and high toughness wear-resistant steels with different compositions of microalloying. The effect of microalloying composition on the brittleness of CGHAZ is studied under the condition of a large welding heat input.
Experimental Materials and Methods
Considering the influence of chemical composition on the structure transformation, solid solution strengthening, fine grain strengthening, precipitation strengthening, and other factors, the carbon equivalent should be controlled within the weldable range [3] . By taking C-Mn-Si-Mo as the base chemical composition and adding appropriate amounts of B, Ti-Nb, or Ti-Nb-B, the chemical composition of three microalloyed wear-resistant steels was derived (Table 1) . The samples were smelted by a vacuum induction furnace, casted into a 50-kg steel ingot, and then billeted into a hot rolled billet (170 mm × 170 mm × 220 mm). After the billet was heated to 1250 • C for 3 h and heat treated by CR + DQ + T process, it was finally processed into a steel plate with a thickness of 12 mm. The CR + DQ + T process are shown by Figure 1 . Each test steel was processed into five 90 mm (in the rolling direction) × 11 mm × 11 mm specimens. Table 2 has shown the process of welding thermal simulation, where Cooling time (t 8/5 ) is the cooling time from 800 to 500 • C, which will finally decide the phase transition products in HAZ [1] . The single pass welding thermal cycle of the test steel was carried out on a Gleeble-3800 (Dynamic Systems Inc., Tarrytown, NY, US) thermal simulator to simulate CGHAZ, to determine the mechanical properties, and to observe microstructure. The hardness was measured by using a BRIN200D-TL semi-automatic Brinell hardness tester (Foundrax, Somerset, UK). The impact energy sample had the dimensions of 10 mm × 10 mm × 55 mm and the measurements were taken on a ZBC 2452-3 (MTS, Eden Prairie, MN, US) pendulum impact tester. The metallographic samples were etched with 4% nitric acid and the microstructure was observed under a LEI2CAQ5501IW (Leica, Buffalo Grove, IL, US) optical microscope. After grinding and polishing, the austenite grain boundary was corroded by saturated picric acid and detergent, and the grain size grade was evaluated by truncation method according to GB/T 6394-2002. The specimens for transmission electron microscopy (TEM) were prepared by carbon membrane extraction replica method and observed under JEM-2100F (JEOL, Tokyo, Japan). The specimen was produced as following process, a thin carbon layer (250 nm) was deposited on the polished sample surface by using a vacuum evaporator, then scratched and divided into several 2 mm squares, finally fished out on Cu-grids and then washed in ethanol. The size of the particles was counted by the truncation method and the precipitated phase was analyzed by INCA energy spectrometer (Oxford, UK). The TEM film samples were prepared and the microstructure of the samples was observed and analyzed in a JEM-2100F.
Results

Properties and Microstructure of the Base Metal
The mechanical properties of the three kinds of base metal are shown in Table 3 . The hardness of sample #1 reaches the requirement of 450 grade wear-resistant steel; while samples #2 and #3 meet the requirements of the 500-grade wear-resistant steel. All three samples have high impact toughness. During the CR process, austenite grains are fully broken and refined during repeated recrystallization by rolling at a high reduction rate in the recrystallization zone. However, in the austenite non-recrystallization zone, a large number of dislocations are generated as austenite grains are distorted by rolling at a high reduction rate and low temperature. Lattice distortion and dislocation can reduce the activation energy for stress induced phase transition nucleation but can increase the nucleation site. Austenite grains are divided into small areas by bainite lath that is transformed initially during the DQ process, and then to a martensite phase transition in the small areas. The martensite lath grows in many directions and some amount of that penetrates the austenite. The martensite blocks are quite narrow and intersect each other. Microstructures are fully refined during the CR and DQ processes, as shown in Figure 2 . After direct quenching, during the low temperature tempering, carbides precipitate out of the matrix, while the morphology of microstructure does not change evidently and the grain boundary remains clear. As shown in Figure 3 , the SEM microstructures of the three samples are uniform and fine, all are tempered martensite with a small amount of bainite. Through the CR + DQ + T process, the effective grain size [4] can be refined to make the base material have high hardness and good impact toughness [5] , which could be explored in further studies about the brittleness of wear-resistant steel welded CGHAZ. Under the conditions of high reduction rate, high cooling rate, and low tempering temperature, it can be seen that Ti, Nb, and B have little effect on the microstructure and mechanical properties of the base metal. 
Properties and Microstructure of Coarse Grain Heat Affected Zone
The hardness and impact toughness of the CGHAZ obtained from the three samples after single pass welding thermal cycling process are shown in Table 4 . Compared with the base metal, the hardness of CGHAZ of samples #1, #2 and #3 was decreased by 28.8%, 25.8%, and 22.4%, respectively, while the toughness of the same samples was decreased by 75.9%, 35.4%, and 15.1%, respectively. The CGHAZ of the three samples showed different degrees of embrittlement, among which sample #1 was the most serious embrittlement phenomenon, and sample #3 showed good anti-brittleness. The CGHAZ microstructures of the samples #1, #2 and #3 are illustrated in Figure 4 . It can be seen that the microstructure and morphology of the samples have changed greatly in contrast to the base metal, and the CGHAZ microstructures of the different microalloyed samples are significantly different. In Figure 4a , the microstructure is bainite along with a small amount of pearlite and carbide. In Figure 4b , the microstructure is bainite, polygonal ferrite and carbide. Figure 4c shows a uniform bainitic microstructure. In the process of welding thermal simulation, the peak temperature is high, the cooling rate and driving force of phase transformations are relatively small and there is no deformation induced effect, so the effects of Ti, Nb, and B microalloying elements on the microstructure and mechanical properties become more intense. 
Discussion
Effect of Ti and Nb on the Microstructure of CGHAZ
In contrast to sample #1, Ti and Nb were added to the chemical composition of sample #3. Under the same conditions, as shown in Figure 4a ,c, Ti and Nb showed a significant influence on the microstructure type and refinement degree of CGHAZ. As shown in Figure 5 , the grain size grades of CGHAZ austenite in samples #1, #2, and #3 were 4.5 ± 0.2, 7.5 ± 0.3 and 7.7 ± 0.3, respectively, and the grain size of CGHAZ austenite in samples containing Ti and Nb was found to be finer. The measured CGHAZ austenite grain size of three samples was shown in Figure 6 . The undissolved Ti and Nb carbonitride particles in the heating process effectively prevented the austenite grain growth by pinning the grain boundary. During the cooling process, the Ti and Nb carbonitride particles can increase the phase change nucleation point and prevent the grain boundary migration. Therefore, the addition of Ti, Nb alloy elements play a significant role in refining microstructure. Jha et al. [6] showed that a higher number of Ti, Nb carbonitride particles lead to a smaller size and more uniform distribution, and thus exert a more obvious effect on the refining of the microstructure. Figure 7 shows the morphology of the precipitate phase of base metal sample #3 under transmission electron microscope and its corresponding EDS spectrum. Sample was prepared by carbon membrane extraction replica method. It can be seen that there are a large number of second-phase particles with a small size and uniform distribution of the base metal, which are mainly spherical or ellipsoidal and less rectangular or irregular in shape. Spherical or ellipsoid precipitates are mainly (Nb, Ti) (CN), while rectangular or irregular precipitates are mainly (Ti, Nb) (CN). Some precipitated phases contain trace Mo, and the size of precipitated phases is in the range of 5-30 nm. Due to the addition of Ti, Nb, Mo, and other alloying elements in sample #3, under the influence of mixing entropy and deformation induction, the second phases always tend to be formed with more alloying elements rather than fewer alloying elements, and will be more uniform and fine, as the solid solubility of the alloying elements in the high-element second phase will decrease in the iron matrix compared with that of the same element in the low-element second phase [7] . In this study, CGHAZ was derived from the welding thermal simulation. The thermal cycle process is the process of re-austenization and solid phase transformation during the heating process of the base metal. The peak temperature of the thermal cycle Tp is 1320 • C, and the cooling time is t 8/5 for 45 s. The cooling rate is about 6.7 • C/s. Due to the high re-austenitizing temperature, Ti and Nb carbonitride particles are easy to dissolve and mature, which affects the refinement of CGHAZ microstructure. Therefore, the dissolution and maturation of the second phase particles in the base metal during thermal cycling should be further studied.
In order to avoid the formation of large-sized nitrides in samples, the content of N was kept very low relative to that of C. N first binds with Ti to form TiN, and then forms carbides. Therefore, it is necessary to first consider the dissolution of the binary second phase such as TiN, alloying element carbide, etc., during heating. The solid solubility limit of TiN, TiC, NbC and MoC in austenite can be calculated by the following formulas [8] : 
In the formula, Ti and N are the molar fraction in steel, [Ti] and [N] are the solid solubility, d Fe and d TiN are the density of steel and TiN, respectively. According to the formula calculation, at the peak temperature of 1320 • C, the molar fraction of TiN is 0.0125%, while the carbides of Fe, Nb, and Mo are dissolved.
As mentioned above, the solid solubility of the corresponding elements in the multicomponent second phase in the iron matrix decreases compared with that in the low-component second phase, and the second phase tends to form higher elements without forming multiple low-component second phases. Therefore, according to the solid solubility theory of multicomponent second phase [9] , the number of undissolved multi-component second phase particles at 1320 • C is much larger than that of the theoretically calculated binary second phase, and exists mainly in the form of carbonitrides of spherical Ti [10] .
The degree of maturation of insoluble particles is further considered. The results show that Ostwald ripening is mainly controlled by the diffusion of solute elements and the interfacial reaction at large particles [11] . Ti is a substitution solid solution element with high diffusion activation energy and high C content, which reduces Ti activity. Therefore, Ti diffusion rate in the matrix is slower than C and N, and it is the controlling element of maturation degree [12] . Moreover, the carbonitride of Ti has a semi-coherent relationship with austenite and contains higher interface energy. The results of Paju et al. [13] showed that the second phase particles can reach equilibrium maturation size at a high temperature if kept for a long time, but it is difficult for Ti carbonitrides to mature due to the short holding time at the high temperature during the thermal cycle. Therefore, in the process of welding thermal simulation, there are still a large number of fine second phase particles in samples #2 and #3 containing Ti and Nb at a high temperature, which can effectively refine the grain and microstructure of CGHAZ.
In addition to the above effects on grain refinement and microstructure refinement, Ti and Nb also have some effects on the structure type. According to the theory of solid-state transformation [14] , diffusion of C and other alloying elements exists during bainite transformation, while Ti and Nb cause a decrease in the activity of C and inhibit the diffusion of C atoms [15] . In the thermal cycle cooling stage of sample #1 without Ti and Nb, the C atoms can easily diffuse to grain boundaries to agglomerate and grow carbides or to form carbon-rich regions. Pearlite are formed when the temperature reach the eutectoid transition point in this region.
Effect of Boron on the Microstructure of CGHAZ
In the process of microstructure transformation, boron is adsorbed on the grain boundary, filled with defects, reduces the energy level of grain boundary, inhibits the formation of pre-eutectoid ferrite during austenite cooling, prolongs the incubation period of austenite transformation, and improves hardenability. However, if boron and other interacting elements are not effectively controlled, boride is formed at grain boundaries, which might cause a negative impact, such as nitrogen could easily combine with boron. Therefore, in order to ensure the hardenability of boron, strong nitride forming elements (such as Ti, Al) are usually added to steel to reduce the negative effect of nitrogen on boron by "fixing nitrogen and protecting boron".
The interaction of N, B, and Ti can be expressed by effective B (B effective ) and excess Ti (Ti excess ). Some studies have shown that when effective B is controlled from 0.002% to 0.003%, the hardenability can be best improved [16] .
The calculation of effective B refers to the empirical formula proposed by Kapadia [17] :
In the formula, B, N, and Ti are the total addition of each element, and 0.002 is the amount of N fixed by considering Al and Si in the steel.
When there is an excess of Ti in the steel, Ti fixes all N in the steel, and effective B is the total amount of B added. Empirical formulas are used to calculate excess Ti:
In the formula, N and Ti are the total amounts of each element added. From the sample composition and CGHAZ microstructures (see Figure 4 above), it can be seen that the effective B content calculated by formula (6) is 0.0008% without Ti added to sample #1, which can improve hardenability and avoid the transformation of pre-eutectoid ferrite but most of B will precipitate as boride. No B was added to sample #2, so the ferrite transformation area was enlarged, resulting in a small block of the ferrite structure. After adding B and 0.07% Ti to sample #3, the outcome of formula (7) indicates that there is an excess of Ti in steel. Effective B is the total amount of added B, which is 0.0028%. Therefore, the hardenability is stronger than that of sample 1# and uniform bainite structure is obtained.
In order to certify the effect of boron on microstructure transformation, the welding CCT curves of the #2 and #3 samples are shown in Figures 8 and 9 , respectively. By using the same method as in Table 2 , the t 8/5 are from 4 s to 2000 s. We can find that the addition of boron moves the regions of ferrite and pearlite to the right, especially the region of ferrite. Meanwhile, when the t 8/5 is close to 45 s at the welding CCT curves, the micrographs of #2 and #3 are presented in Figures 10 and 11 . It is seen that in Figure 10a and 10b that the microstructures are the bainite and ferrite+bainite respectively. The red cooling curve represents the thermal cycle cooling process of sample #2, and the t 8/5 is about 45 s between 30 s and 60 s, the microstructure is ferrite+bainite, as shown in Figure 4b . In Figure 11 , it is seen that the microstructure is bainite. The red cooling curve represents the thermal cycle cooling process of sample #3, and the microstructure is also bainite, as shown in Figure 4c . The microstructure transformation during the cooling process is consistent with the previous experimental result.
Effect of CGHAZ Microstructure on Brittleness
From the test results shown in Tables 3 and 4 , the hardness and impact toughness are compared in Figure 12 , it can be seen that the decrease in the CGHAZ impact toughness of three kinds of high hardness and high impact toughness samples after welding thermal cycle is much larger than that of hardness. Thus it can be said that different compositions of microalloying mainly affect the brittleness resistance of wear-resistant steel CGHAZ. According to a study [18] , the brittleness of low-alloy wear-resistant steel CGHAZ is mainly due to the coarse grain embrittlement and microstructural embrittlement [19] . There is a linear quantitative relationship between the brittle transition temperature and grain size, which is the main parameter to measure the brittleness of bainitic and martensitic steels. The effect of grain size on brittleness usually satisfies the following equation:
In the formula, VTrs represents the brittle transition temperature, A and B are constants, D is the effective grain size.
As shown by the austenite grain size of CGHAZ (see Figure 6 ), the grain size of sample #1 without Nb and Ti became highly coarsened after thermal cycling, and the impact toughness was also significantly lower than that of samples #2 and #3. This indicates that coarse grain embrittlement is the main cause of CGHAZ embrittlement.
As shown in Figure 4 , the microstructures of samples #1, #2 and #3 are different. The CGHAZ microstructures of the three samples were further analyzed by transmission electron microscopy. The CGHAZ microstructures of samples #1, #2, and #3 under TEM are shown in Figures 13-15 , respectively. Figure 13 shows the CGHAZ microstructure of sample #1. It is seen that a large number of carbides are distributed in the bainite matrix and on the grain boundary. Carbides on the grain boundary form continuous chain-like particles. Figure 13b shows pearlite on the bainite grain boundary. The magnified image in Figure 13c shows carbide particles (about 0.5 µm in length), dislocation accumulation can also be seen in the matrix. Figure 14 is the CGHAZ microstructures of sample #2. Figure 14a ,b show that there are small blocks of ferrite and large particles of carbide (about 2.1 µm in length) at the grain boundary of bainite, and a large number of fine carbides and Nb and Ti precipitates on the bainite matrix. Partially enlarged Figure 14c shows a large number of dislocations plugging on the matrix near the large particles of carbide. Figure 15 shows the CGHAZ microstructures of sample #3. Figure 15a ,b show that the bainite microstructure is uniform with a large number of carbides, of which the largest one is about 0.6 µm and smaller than that of samples #1 and #2, Nb-Ti precipitates are distributed on the matrix without large particles. Partially enlarged Figure 15c shows that dislocation plugging on the matrix is not obvious.
According to the analysis of the above two sections, the difference in the CGHAZ microstructures of the three samples is mainly related to the microalloying composition of Nb, Ti, and B. There is a small amount of effective B in sample #1, and most of the B and other alloys collectively grow at the grain boundary in the form of a compound to weaken the grain boundary. Due to the insufficient hardenability, at the same time as bainite transformation, C diffuses to the grain boundary and enriches and pearlite transforms, which together with large particle carbides causes matrix dislocations, resulting in the local stress concentration. Finally, the grain boundary weakening and local stress concentration lead to brittleness. The non-addition of B to sample #2 resulted in the worst austenite stability and ferrite transformation. The C-rich region where C diffuses to the vicinity of the ferrite forms large-grain carbides and causes matrix dislocations to be accumulated, resulting in local stress concentration. The resulting small piece of ferrite also weakens the grain boundaries. Finally, the local stress concentration and weakening of the grain boundaries lead to brittleness. Sample #3 was added with alloying elements such as Ti, Nb, and B, and the added B was all effective B, which made the sample to have the best hardenability and the resulting bainite structure was more uniform. Ti and Nb lower the activity of C, making the carbide and precipitate phase finer. Finally, the uniform bainite microstructure is generated and the formation of a large particle hard phase is avoided, which can effectively reduce the embrittlement of the structure. In summary, different compositions of microalloying resulted in different types of microstructures. The CGHAZ microstructures of B and Ti-Nb microalloyed wear-resistant steels have poor uniformity, which weakens grain boundaries and leads to the brittleness of microstructures.
Conclusions
(1) B, Ti-Nb, and Ti-Nb-B microalloyed C-Mn-Si-Mo wear-resistant steels with high hardness and good impact toughness can be treated by CR + DQ + T process. Since the M/B dual-phase microstructure is obtained, and the effective grains are fully refined. (2) When the heat input is 20 kJ/cm, the impact toughness of B, Ti-Nb, Ti-Nb-B microalloyed wear-resistant steel CGHAZ decreases by 75.9%, 35.4%, and 15.1%, respectively, compared with the base metal. Coarsened grain during welding thermal cycle is the main reason, and the abnormal structure on grain boundaries increases the tendency of embrittlement. (3) Ti-Nb-B compound microalloying can reduce the degree of embrittlement of CGHAZ since undissolved Nb-Ti second-phase particles can prevent grains from coarsening. The dissolved boron (B effective ) can improve hardenability by avoiding perlitic and ferritic transformation during the cooling process and improve the uniformity of bainitic microstructure.
